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Abstract. We report a dynamical-mechanical study of stress relaxation at small deformation in a natural 
(polyisoprene) rubber well above its glass transition temperature T g . We find that an almost complete 
relaxation of stress takes place over very long relaxation periods, even though the elastic network is retained. 
The relaxation rate and the long-time equilibrium modulus are sensitive functions of temperature which 
do not follow time-temperature superposition. Many characteristic features of non-ergodic ageing response 
are apparent at both short and very long times. We interpret the observed behaviour in terms of the nature 
of rubber crosslinks, capable of isomerisation under stress, and relate the results to recent models of slow 
glassy rheology. 

PACS. 61.41.+e Polymers, elastomers and plastics. - 62.40.+i Anelasticity, internal friction. - 83. 50. By 
Transient deformations; stress relaxation, creep, recovery. 



1 Introduction 

Physical ageing, defined as a dependence of linear response 
functions on the time passed since the system was pre- 
pared, is a characteristic feature of non-equilibrium glassy 
dynamics and a subject of much current attention from 
all areas of theoretical and experimental condensed mat- 
ter physics. Polymers and rubbers are also expected to fall 
into this class of non-equilibrium fluctuation-dissipation 
behaviour when at temperatures below their glass transi- 
tion, T g . However, above T g , polymers and their networks 
are expected to be capable of reaching equilibrium and 
not to exhibit such ageing effects. 

Uncrosslinked polymeric materials exhibit a complex 
behaviour on deformation, being able to flow like a liq- 
uid, or responding elastically, like a solid, depending upon 
the time scale of the deformation relative to the dynam- 
ics of the molecules. This duality of mechanical response 
is called viscoelastically and is a subject of a great num- 
ber of classical studies Jl|,||. In contrast, rubbers or elas- 
tomers are unable to flow because the polymer molecules 
are permanently connected or crosslinked into a percolat- 
ing network. Elastomers are normally defined in terms of 
their ability to support a stress indefinitely on extension 
and to recover their original shape once the deforming 
influence has been removed. This behaviour can be ex- 
pressed in terms of a linear rubber elastic modulus, /i, the 
ratio of the applied stress to the strain as the frequency 
of deformation tends to zero so that (i — G'(ui = 0). In 
an ideal Gaussian network fi ~ n s kT with n s the aver- 
age crosslinking density (or, strictly, the effective density 
including the effect of topologically permanent entangle- 
ments in the network). At sufficiently high frequency the 
mechanical response of rubbers is not different from that 



of a corresponding polymer melt, being dominated by dy- 
namic entanglement effects. 

Below their glass transition polymeric materials be- 
come brittle and exhibit creep behaviour when a stress is 
applied and the resulting strain measured. In the origi- 
nal study of polymer glasses, Struik ||] has demonstrated 
that polymer glasses exhibit ageing behaviour where the 
time scale of response is scaled by the waiting time, t Wl 
measured from the moment the glass was quenched. As ex- 
pected, above the glass transition polymers did not exhibit 
ageing behaving, in accordance with laws of equilibrium 
thermodynamics, although, it was speculated that in the 
regions surrounding the network cross-links or filler parti- 
cles, the glass transition temperature could be effectively 
increased due to the locally higher polymer density and 
loss of 'free volume'. 

Interest in the fundamental nature of the glass tran- 
sition has always been high, since this represents one of 
the few major outstanding challenges in condensed matter 
physics. The development of models of 'soft glassy rheol- 
ogy' (SGR) ^J,[| has renewed the interest in experimen- 
tal study of mechanical properties in other systems with 
quenched disorder. The SGR model considers the long- 
time relaxation of mechanical response in materials where 
there is the opportunity for random yields and local stress 
relief when in the deformed state. In an application of 
the model ||, the elements of the material are capable 
of 'hopping' to a new position allowing local stress re- 
lief. This hopping is enhanced under the influence of a 
strain that adds a directional bias, providing an aspect of 
flow. On making such a move the elements reconnect in 
increasingly deeper potential wells, which makes the next 
hop increasingly difficult. The direct application of such a 
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mechanism are in the rheology of foam or cellular solids. 
Such models have been demonstrated to exhibit a 'glass 
transition' with the corresponding breaking of time tem- 
perature invariance, and ageing phenomena. 

In the related systems of 'spin glasses', where magnetic 
spins are trapped in states with glassy orientational corre- 
lations, there have been reports of a characteristic temper- 
ature dependence of the non-ergodic relaxation behaviour 
||. This work, and experiments 0,0, indicate that at each 
temperature only specific modes of relaxation contribute 
to the overall relaxation processes. 

In this study we present experimental results on the 
long time relaxation behaviour of a sample of natural rub- 
ber. The data show, unexpectedly, that the stress response 
to an applied strain can relax to virtually zero, if one waits 
long enough, even though the short time linear rubber 
modulus is essentially unchanged. We also have investi- 
gated the temperature dependence of the relaxation. The 
behaviour is interpreted in terms of the models of glassy 
rheology and spin glasses. We identify the relevant elas- 
tomer microstructure, in the form of isomerising sulphur 
crosslinks, which allows local stress relaxation by 'hops' 
arising from directionally biased breaking and remaking 
of crosslinks. We argue that such a 'transient network' 
property makes many elastomers non-ergodic even well 
above their glass transition. 



2 Experiment 

The step-strain relaxation measurements were made on a 
custom built stretching device as described elsewhere ||. 
In this device the samples, cut into thin strips approxi- 
mately 10 x 30 x 0.5 mm, were clamped at two ends, and 
were extended in a step-strain fashion by 5%, measured 
with a micrometer. The force on the sample was care- 
fully measured as a function of time. The nominal stress 
was calculated from the sample dimensions prior to ex- 
tension. The stress relaxation was followed over a period 
of (typically) 40 days. Some effort was made to carefully 
control the temperature over such an extended period, 
with further addition of a temperature controlled envi- 
ronment enclosing the active temperature controller that 
maintained the samples at a typical working temperature 
~ 80°C, with deviations not exceeding 0.5°C. Polymer 
melts are well known to exhibit faster relaxation at higher 
temperatures. An elevated temperature of 80°C allows us 
to probe longer effective relaxation times than at room 
temperature and also avoids any effects of strain induced 
crystallisation. This particular working temperature was 
selected as being well above the glass transition temper- 
ature but avoiding thermal decomposition. There was no 
attempt to control humidity. 

The stress values were obtained in arbitrary units and 
converted to N/m 2 (Pa) by calibration with weights. Al- 
though the stress-measuring device (Pioden Controls Ltd) 
was specially temperature compensated, calibrations were 
performed over a range of temperatures. Data will be pre- 
sented as engineering strain (A = L/L$, where Lq is the 



unstretched length and L the extended length) and nom- 
inal stress (cr, equal to the measured force divided by the 
original cross-section of the sample). 

The samples of polyisoprene natural rubber were taken 
from a commercial product. These samples were charac- 
terised by controlled thermal decomposition and NMR, 
and by swelling in dichloromethane with subsequent gel 
fraction measurements. The experimentally determined gel 
fraction was 94%. Natural rubbers are complex mixtures 
of biological components which will include proteins and 
other chemical impurities not directly attached to the stress- 
supporting network. The loss of some of these elements 
could easily account for this small weight loss during swelling. 
Natural rubbers can be crosslinked in a number of ways 
but the most common vulcanisation approach employs 
polysulphur crosslinks formed by reacting the polymer, es- 
sentially poly(cis-isoprene), with sulphur, zinc oxide and 
an accelerator at elevated temperatures (e.g. 160°C) [[Tof . 
To ensure that there were no artifacts from chemical de- 
composition or further crosslinking at the elevated tem- 
peratures of our experiments, the samples were pre-conditioned 
by long annealing at 150°C before the experiments. The 
gel fractions determined after such pre-conditioning were 
unchanged, within experimental error. All samples were 
taken from adjacent parts of the same rubber sheet and 
fresh samples were used for each experiment to maintain 
a controlled and similar thermal and mechanical history. 

It was convenient in these studies to compare the be- 
haviour of the natural rubber crosslinked with sulphur 
with another elastomer crosslinked with more stable carbon- 
carbon and carbon-oxygen covalent bonds. In this respect 
we prepared a weakly photocrosslinked polyacrylate con- 
sisting of steryl acrylate, 0.3% w/w crosslinks of ethane 
1,2 diol, diacrylate, initiated with Ergacure 184 (CIBA). 
These synthetic samples were sandwiched between two 
glass slides 200 /im apart irradiated for lhr to ensure com- 
plete reaction, and then removed and cut to shape for 
mechanical experiments. 



3 Results 

Figure [j](a) shows the typical stress relaxation for the nat- 
ural rubber after the imposition of a 5% strain at 80°C. 
The most striking feature of this behaviour is that the 
stress falls continuously over long periods. In the subse- 
quent discussion we will show that the final stress value 
can fall to essentially zero if one waits long enough. Clearly, 
on very long timescales this elastomer is not behaving elas- 
tically, but has a viscous response. This behaviour should 
be compared with Figure 0(b) which presents data from 
the sample of photocrosslinked polyacrylate under simi- 
lar thermal and mechanical conditions. These plots show 
that the stress in the synthetic elastomer remains essen- 
tially constant (i.e. equilibrium) over extended periods of 
time, where the natural rubber is relaxing significantly. 
This data also provides comfort that the experimental de- 
vice and environmental conditions are reasonably stable. 

A significant loss of elastic resistance in the natural 
rubber illustrated in Figure 0(a) could arise from the scis- 
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Fig. 1. (a) Stress relaxation in sample of natural rubber ex- 
tended by 5%. Over the period of ~ 18.5 days the effective 
linear modulus has fallen from ~ 1.9 MPa to ~ 1 MPa, by al- 
most a half of its value, and the relaxation is clearly continuing, 
(b) Stress relaxation in polyacrylate elastomer is unnoticeable 
after the first few seconds, the effective modulus is constant at 
H ~ 0.9 MPa. 

sion of the polymer chains or cross-links of the network. 
The static linear rubber elastic modulus fi would be an 
ideal indicator of effective cross-link density n s and the 
possible effects of network degradation, ft is impracti- 
cal to wait infinitely long for G'(w — > 0) and, besides, 
the whole point of this work is to show that additional 
physical but irreversible processes take place in some net- 
works. We, therefore, determine the effective linear mod- 
ulus G'(u>) after relatively short times when we expect 
to probe the crosslink-dominated network elasticity but 
not yet come into regime of significant transient flow (see 
below). The choice of such a time (or, equivalently, the 
effective frequency) for measurements of G'(uj) has to be 
made carefully, taking into account the effects of chain 
entanglements which will dominate at very short times. 
We considered 1800s (0.5hr) relaxation sufficient to al- 
low rapid dynamic processes to have completed after each 
small step of strain. 

To illustrate the elongation of the sample after a pe- 
riod of stress relaxation we plot in Figure g(a) the length 
of the sample in absolute units (mm) . The point at which 
the stress begins to rise significantly is taken as the natural 
length of the sample. Figure ^(a) presents the short time 
stress-extension curves for the rubber before and after a 
step-strain experiment (constant 5% extension) of differ- 
ent duration (0, 5 hrs and 7.5 days). The natural length 
(the zero-stress length) of the samples clearly increases 
after the stress relaxation, however, the gradients of the 
curves are unchanged. This is more clearly illustrated if 
the x-axis is converted from the absolute length of the 
sample to the units of strain A, Figure 0(b). The data are 
now found to all collapse on the same stress-strain curve. 
The measured elastic modulus before and after the long 
stress- relaxation experiment is \i ~ 1.7 MPa, essentially 
unchanged within the experimental error. We conclude 
that although there has been significant stress relaxation, 
as in Figure |l|(a) corresponding to extension duration of 
188hrs, the material has not degraded or significantly al- 
tered its elastomeric network integrity. Clearly, there has 
been a rearrangement of the network resulting in stress 
relief, but the essential network topology and the number 
of crosslinks remains constant. 
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Fig. 2. The short time stress strain response of the elastomer 
as a means of extracting the elastic modulus, (a) The stress- 
extension behaviour in terms of absolute sample length, mea- 
sured before (filled diamonds) and after a 5% extension with 
the subsequent stress relaxations for 5 hrs (filled triangles) and 
188hrs (filled circles). Open circle series show the partial recov- 
ery of the natural length of the '188hrs'-old sample, at intervals 
18hrs, 36hrs and 119hrs after the extension was removed, (b) 
Same data, with the a>axis in terms of the strain A = L/Lq. 
This rescaling takes into account the irreversible (albeit small) 
change in natural length Lo , allowing all the data to collapse on 
the same stress-strain line indicating that the effective linear 
modulus \x is essentially unchanged. 

Although the survival of the elastomeric network is 
unambiguously confirmed by this argument, we also no- 
tice the lack of the recovery of original natural length of 
the sample after prolonged extensions. Complete recovery 
of the natural length could be discerned in a reasonable 
time for short periods of stress relaxation. For long peri- 
ods, such as 188hrs shown by circles in Figure ||(a), partial 
recovery was evident but it was clearly incomplete. The 
open circles show the behaviour on the modulus measure- 
ment performed 18, 36 and 119hrs after the constant strain 
step was removed. Clearly, unreasonably long time peri- 
ods would be required for any significant recovery to be 
observed and all the evidence suggests that the original 
length will not be fully recovered. 



3.1 Temperature Effects 

As highlighted above || , only particular modes of relax- 
ation are accessible at each temperature to magnetic spin 
glasses. On increasing the temperature, certain modes of 
relaxation switch off and others switch on, with the re- 
verse on cooling. We have imposed a temperature history 
to our sample to make a comparison with this model. Ini- 
tially there is an extended period (~ 12 days) of stable 
relaxation at a temperature T\ (in this case 80°C). After 
this the temperature was increased to a higher value 
(e.g. 83°C) and the relaxing stress data was collected for a 
further 12 days. Finally the temperature is returned to the 
initial temperature (e.g. T\ = 80°C) and the final stages 
of stress relaxation were monitored. The effect of tem- 
perature on the stress response is illustrated in Figure |^. 
The stress response during the initial period at constant 
T = Ti, analogous to that in Figure |(a), follows a sim- 
ple exponential law of decay (a variety of fast dynamic 
processes take place during the first few minutes or even 
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Fig. 3. Stress relaxation in a sample of natural rubber after 
imposition of a 5% step-strain, with an intermediate temper- 
ature change. The alternative time axis (figures on the top) 
gives the number of days. After a period of relaxation the tem- 
perature is raised by 3° from 7\ = 80° C to T 2 = 83° C and 
then returned back to T\. The solid line is the extrapolation 
of exponential fit to the first region of constant-T data <Jh(t), 
eq. (\w; the circles over it are the shifted data points from the 
last region where the temperature is returned to Zi (see text). 

hours after the strain step; the simple exponential decay is 
the longest apparent mode - the relatively short times are 
discussed in the next section). The corresponding longest 
relaxation time tl ~ 8.3 x 10 5 s « 10 days at 80°C, the 
stress decay represented by the extrapolated solid line in 
the Figure [|: 

o-l(I) = 50430 + 38245 e~ t/TL (1) 

(all units in Pa, the argument "1" signifying the first stage 
of stress relaxation in Figure ^|) with the time t measured 
from the moment t when the extension has been applied. 
This fit, when extrapolated to t — > oo, implies that the 
residual equilibrium value of stress cr cq would be ~ 5 x 
10 4 Pa. The equilibrium rubber modulus would then be 
\i ~ 1 Mpa, almost a half of that observed during the first 
hours of stress relaxation. 

However, when the temperature increases, the relax- 
ation rate is seen to significantly increase and the extrap- 
olated final stress level decreases. In particular, it appears 
that the equilibrium value of stress a eq that the system 
would have reached remaining at constant temperature 
Ti , according to eq. (||) , has been surpassed already. 

When, subsequently, the temperature returns to its 
original value T± the relaxation resumes with the rate tl 
that has been seen in the first stage. This portion of ex- 
perimental data is fitted by the exponential analogous to 
the eq. (Q) where we assume that the rate tl and the pre- 
exponential coefficient take exactly the same values as in 
(|l|), but the time is now shifted by the amount A - the 
time rubber has spent in a different regime (at T2). In 
this way one obtains an excellent fit with only one free 
parameter, the new value of the equilibrium stress level 

o- L (3) = 7088 + 38245 e - [ *^ 1/rL (2) 

with A k 1.4 x 10 6 s from the Figure || and the same 
t l « 8.3 x 10 5 s as in the eq. @). As with the fit by cr L (l), 
we deliberately extrapolate the plot of eq. (||) outside the 



experimental data points, to highlight the quality of the 
fit. Now, it appears, the rubber will end up its relaxation 
with the effective linear modulus fi ~ 0.16 Mpa, more than 
an order of magnitude lower than in the first day under 
deformation. 

Remarkably, the drop in the equilibrium stress (we ob- 
tain now cr cq (3) = 7088 Pa, instead of cr eq (l) = 50430 Pa) 
is almost exactly equal to the difference in experimen- 
tal stress readings between the points A and B in Fig- 
ure [§(a). In other words, the conclusion appears to be 
that the modes of relaxation that were active during the 
T2-temperature interval are different and independent of 
the relaxation modes at T\ . The amount of stress the rub- 
ber has lost during the high-temperature interval, and the 
time spent at T%, are simply subtracted from the data. 
This point is emphasized in Figure [| by the following 
transformation: we take the experimental data points in 
the third region (the system returned to Ti) and shift them 
up in a and back in time such that the point B is rejoined 
with the point A. The experimental points fall onto the 
extrapolated equation (|l|) for the whole available period 
of another 15 days, indicating that the physical processes 
in the initial relaxation regime and that after the temper- 
ature step are exactly the same, as if the temperature rise 
had not occurred. 

Similar effects are observed on increasing the temper- 
ature from Ti = 80°C by 5° to 85°C and by 10° to 90°C, 
except the fall in stress during the period at the higher 
temperature is greater, as one might expect. Again, the 
stress relaxation after the increment forms a continuous 
curve with that before the increment. This data indicates 
that the modes of relaxation a(t) and the final equilibra- 
tion value of er oq are sensitive functions of temperature 
and also of the sample history, suggesting that the tra- 
ditional time temperature superposition principle will be 
invalid here. 

Our observation is similar to the behaviour of mag- 
netic susceptibility x(t) m s P m glasses and dielectric 
susceptibility e(t) in disordered dielectrics || (at constant 
applied strain, we too are measuring the linear response 
function, the dynamic modulus G(t) ). In these exper- 
iments the relaxation modes acting at one temperature 
completely stop when the temperature is rapidly changed 
to a different value and then re-continue when the temper- 
ature is returned to the initial value. The relaxation, as in 
our case, forms a continuous line following the same time 
dependence as before the temperature increment but just 
delayed by the time spent at the higher temperature. This 
has been shown [0 to be an inherent feature of glass-like 
ageing response. 



3.2 Relaxation at relatively short times 

The analysis above has focused on the very long times of 
stress relaxation, on the scale of many hours and days. The 
model exponential decay <7l(£), equation (Q), describes 
the data in Figure || only after a time of order 8 x 10 4 s 
(~ 1 day). At earlier times, which may be considered 'a 



S. M. Clarke, F. Elias and E. M. Terentjev: Ageing of Natural Rubber under Stress 



5 




Time t-to (s) 

Fig. 4. The plot shows the relatively short time (first 7 hrs) 
of stress relaxation. We plot the difference a — <tl to examine 
the fast initial relaxation processes not described by the single- 
exponential behaviour crL(i). The solid line gives the best fit, 
which turns out to be a stretched exponential (see text). 



long time' in a different sort of experiment (with a cor- 
responding frequency range w ~ 10~ 5 Hz), the deviations 
a(t) — <tl are substantial. This deviation reflects the phys- 
ical processes that take place in the rubbery network if 
we neglect the longest-time effect of what we expect to be 
a crosslink isomerisation under stress. Figure (plotted 
in the log-log format) shows the time dependence during 
this relatively short initial time period. The experimen- 
tal data points a(t) with the subtracted model decay <tl 
are clearly faster than a power law, but equally evidently 
slower than a simple exponential. An attempt to fit the 
data by an exponential law is shown by the dashed line 
in Figure Q to contrast with the best fit which is robustly 
achieved by the stretched exponential with a power ~ i, 
that is 

a(t) -a h = 7400 exp (-(t/r ) - 33 ) (3) 

(stress units in Pa) with relaxation time t = 3000 s. We 
do not have an explanation for the observed time depen- 
dence, modelled by the eq. ([|). The exponent ~ 0.3 of 
the stretched exponential relaxation has been known to 
appear in a number of spin-glass problems, such as the 
short-time relaxation of average magnetisation m{t) after 
field-quenching the spin glass ||. 

In classical studies of rubber relaxation, e.g. of Ferry 
ifTTf and of Chasset and Thirion G3], the time scale of 
experiments was usually under 10 5 s - rather like our 'rel- 
atively short time regime' in Figure || Authors reported 
power-law dependencies of stress, a ~ (t/r)~ m , which has 
been attributed to the effect of retracting of freely dan- 

We study the 
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relaxation over at least an order of magnitude longer time; 
it is also important to emphasize that Figure || plots not 
the stress itself, but a difference ait) — with the slowest 
mode subtracted. 



4 Discussion 

The significant loss of stress response on extending a sam- 
ple of natural rubber over a long period of time is very 
surprising, particularly when combined with the fact that 



the linear rubber modulus before and after such an exper- 
iment is almost unchanged. This behaviour is most likely 
linked to the isomerisation of the sulphur-sulphur bonds 
that form the crosslinks in this type of material. Sulphur 
is the most common means of vulcanising rubbers and its 
isomerisation in natural rubbers has been reported before 
[ p"4| . An example of the sulphur-sulphur isomerisation that 
could lead to the stress relaxation but with retention of the 
crosslink is illustrated in Figure We note that the two 
chains are still connected before and after the isomerisa- 
tion but that the position of the crosslink moves along the 
chain. This isomerisation is likely to be an activated pro- 
cess with some activation energy Eg , which should crudely 
determine the rate of relaxation at a given temperature. 
Bias in the direction of crosslink isomerisation is expected 
when the sample is under an external strain, leading to 
local stress relief. This will continue until there is insuffi- 
cient external strain to allow further 'hops' and the 'nat- 
ural' barrier height will again control the kinetics. In this 
fashion the residual stress level (j eq at long time, in an 
relaxation experiment run at constant temperature, is ex- 
pected to be related to the barrier height. 





(a) (b) 

Fig. 5. Sulphur isomerisation mechanism (a) which allows the 
reconnection of crosslinking bonds to a different location along 
the chain. The scheme (b) shows how this mechanism of break- 
ing and re-connecting of linking points can lead to a local stress 
relief between a given crosslink pair: the imposed deformation 
remains, but is no longer resisted by an elastic force. 

The fact that the samples are able to recover their nat- 
ural length Lq after relatively short periods under strain 
indicates that the crosslinks are still in their original con- 
figuration in the network and pull the material back to its 
original shape. As the periods of stress relaxation become 
extended, more and more isomerisation and stress relief 
events occur and the sample is unlikely to ultimately re- 
turn to its original shape. When, eventually, the relaxing 
stress at fixed extension falls to its low saturation value, 
<7 oq , we expect that the sample shape will not be recov- 
erable at all. However, at any moment of time, the total 
number of elastically active crosslinks in the network re- 
mains the same and thus the effective rubber modulus /i 
measured at different times remains the same too. The 
measure of the time when the effect of crosslink isomeri- 
sation becomes significant should be the same as that dis- 



cussed in Figure n 
The fact that t 



for the decaying difference a(t) — <tl- 
le (newly measured) linear rubber mod- 



ulus /i recovers its value tells that the average number 
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of effective crosslinks in the system remains constant at 
any given time. This sort of system has been examined 
theoretically, as the problem of relaxation in a transient 
network where crosslinks (such as hydrogen bonds) reor- 
ganise under stress. Flory |1| has presented an intuitive 
model, later improved by Scanlan |[(|. Fricker and Ed- 
wards fl7],[l8| have developed a statistical-mechanical for- 
malism, with essentially the same conclusion - that, under 
a constant extension, the stress remaining in the system 
where the crosslink breaking and re-forming occurs at a 
rate m~ 1 decays with time as 



a(t) ~ tr exp (e 



1) 



(4) 



(the earliest and simplest result by Flory assuming the 
re-formed crosslinks are not bearing stress and are thus 
permanent). We could fit our data to this type of model 
relation equally well, with the same number of (two) free 
parameters. We chose not to do so because of an obvious 
discrepancy. According to these models, a definite value of 
final stress cr cq [approximately 37% of the initial stress in 
eq. (Q)] is predicted, with temperature only affecting the 
rate to -1 . In contrast, we find that at a given temperature 
there appear to be characteristic modes of relaxation and 
long time stress relief, while different modes become active 
at a different temperature, thus affecting the final stress 
er C q. Secondly, when the temperature was returned to _a 
lower value T\ after a period at a higher T2, as in Figure 
the local rate of relaxation (the tangent of a(t) curve 
should be lower than that after the same time in a parallel 
experiment with no temperature elevation period. Instead, 
we find unambiguously that the relaxation rate at point B 
is higher, in fact equal to that at the earlier point A just 
before the temperature rise, as is illustrated in Figure [| 
It appears that different relaxation modes are active at 
each temperature, in contrast to the thermally activated 
kinetic effects when all modes are active simultaneously. 

The behaviour we observe is rather analogous to the 
relaxation in spin glasses where only specific modes 
are accessible at each temperature. Recent models of soft 
glassy rheology also highlight similar behaviour to that 
reported here. The SGR model requires a microscopic 
mechanism of strain-enhanced relief of stress and a dis- 
tribution of well depths to exhibit a whole range of glassy, 
non-ergodic behaviour. Our experimental data clearly in- 
dicates that there is such a strain-induced relief of stress. 
Additionally, because of the variety of sulphur-sulphur 
links that will be present in the rubber, it is likely that a 
broad distribution of potential well depths is also present. 
This behaviour should be contrasted with an elastic net- 
work with permanently fixed crosslinks, Figure |l|(b) where 
one finds an essentially equilibrium response as is, in fact, 
expected in an ideal elastic network above T g . In general 
terms, one finds long relaxation and ergodicity breaking 
above T g when the elastic degrees of freedom are cou- 
pled to an additional randomly quenched field, which fre- 
quently arises in materials with microstructure. In SGR, 
this corresponds to a model distribution of yield events (as 
may occur in, e.g;, a foam when cells reconnect and move 
past each other |5[). Here in our study of natural rubber, 



we argue that the isomerisation of sulphur crosslinks pro- 
vides also provides such an effect and is very close to the 
SGR model in its spirit. 

The stress response fits well to an exponential time 
dependence with the longest relaxation time of order 10- 
15 days. This contrasts with the earlier reported power- 
law behaviour, often attributed to the effect of free chain 
retraction. Our results are also in contrast with the re- 
ported logarithmic decay of linear response function for 
the related process of creep |L{|. In the field of rubber 
technology the rate of relaxation is usually expressed as 
the percent per decade [^0) reflecting this kind of time 
dependence. However, unlike the exponential response we 
observe, such a logarithmic time dependence gives unphys- 
ical behaviour at long times and so cannot provide physi- 
cal insight into the fundamental processes. This highlights 
the fact that there are fundamental issues at the heart of 
rubber technology left outstanding even after more than 
50 years of research. 

The authors wish to thank Prof. Sir Geoffrey Allen, Prof. 
Sir Sam Edwards, Dr K. Fuller and Dr P. Sollich for in- 
teresting discussions. 
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